Structural genomics has as its goal the provision of structural information for all possible ORF sequences through a combination of experimental and computational approaches. The access to genome sequences and cloning resources from an ever-widening array of organisms is driving high-throughput structural studies by the New York Structural Genomics Research Consortium. In this report, we outline the progress of the Consortium in establishing its pipeline for structural genomics, and some of the experimental and bioinformatics efforts leading to structural annotation of proteins. The Consortium has established a pipeline for structural biology studies, automated modeling of ORF sequences using solved (template) structures, and a novel high-throughput approach (metallomics) to examining the metal binding to purified protein targets. The Consortium has so far produced 493 purified proteins from >1077 expression vectors. A total of 95 have resulted in crystal structures, and 81 are deposited in the Protein Data Bank (PDB). Comparative modeling of these structures has generated >40,000 structural models. We also initiated a high-throughput metal analysis of the purified proteins; this has determined that 10%-15% of the targets contain a stoichiometric structural or catalytic transition metal atom. The progress of the structural genomics centers in the U.S. and around the world suggests that the goal of providing useful structural information on most all ORF domains will be realized. This projected resource will provide structural biology information important to understanding the function of most proteins of the cell. 6 Corresponding author. E-MAIL mrc@aecom.yu.edu; FAX (718) 430-8587. Article and publication are at http://www.genome.org/cgi/
The complete genomes of a number of organisms have been sequenced and many more are underway. This progress in gene sequencing has shifted the landscape of biology, such that goals related to understanding the structure and function of each gene product, as well as their interactions within the cellular environment that lead to the behavior of complex systems are within reach, or at least to be contemplated. The sequencing of model organisms from bacterial species to human has allowed the identification of genes both essential to function, as well as genes that give rise to the diversity of life forms. Although the exact numbers and natures of the genes is still open to question, recent estimates place the numbers at <20,000 for Caenorhabditis elegans and Caenorhabditis briggsae and ∼30,000 for humans (Waterston et al. 2002; Stein et al. 2003 ). Our ability to recognize genes, their exons and introns, and their potential splice variants, has matured dramatically. This progress has driven highly successful attempts to develop resources to make available ORFs for rapid and highly parallel structural and functional studies of genes (Reboul et al. 2003) . The success of these efforts are outlined in this issue, and the leveraging of these ORF sequences to examine protein activity, localization, protein structure, and proteinprotein interactions are examples of the value of these resources. Structural biology faces the task of characterizing the shapes and dynamics of the encoded proteins to facilitate the understanding of their functions and mechanisms of action. These ORF resources will ultimately be critical to the success of the nascent structural genomics initiatives that are underway, both in the U.S. and worldwide (Burley et al. 1999; Chance et al. 2002; Lesley et al. 2002; Burley and Bonanno 2003; Gerstein et al. 2003; Goulding et al. 2003; Shi et al. 2003; Terwilliger et al. 2003; Zhang and Kim 2003) .
The Protein Structure Initiative (PSI) funded by the National Institute of General Medical Sciences (www.nigms.nih.gov/psi) includes the structural genomics efforts of nine centers in the United States. In the so-called phase 1 of the PSI (Editorial 2004) these multi-institutional collaborations, along with six additional structural genomics centers in Europe and Japan, are building and developing infrastructure to provide integrated pipelines such that in phase 2, beginning in 2005, the goal of providing useful three-dimensional models for most of the known protein sequences can be vigorously pursued. The goal is to be accomplished by selecting and experimentally determining 10,000-15,000 protein structures using X-ray crystallography or NMR spectroscopy. The ORF target selection will be carried out such that at least one representative structure will be solved for most protein families. This solved structure will be used as a structural template to generate all atom-comparative protein models for the other members of the ORF family (Baker and Sali 2001; Vitkup et al. 2001) . Each center in the PSI is responsible for developing and testing an integrated structural genomics effort that includes ORF target selection, cloning, expression testing, protein purification, structure solution, and modeling. This effort has required close coordination within the centers in terms of task assignment and monitoring progress, as well as coordination among the centers to maximize the effectiveness of target selection. The latter has been facilitated by the development of a database, Target DB (http://targetdb.pdb.org), which lists the selected targets and progress for all of the centers in a queryable form (Westbrook 2003) . This database allows the centers and the NIH to monitor overlap in target selection and has allowed many scientists outside of the centers to access information on proteins of interest to their research programs.
As a rule, the ORF targets selected for the structural genomics efforts are <30% identical (across a reasonable length) to proteins already deposited in the PDB (Sali 1998; Burley et al. 1999; Baker and Sali 2001; Vitkup et al. 2001; Chance et al. 2002; Shi et al. 2003) . This general rule originates from the observation that reliable models can usually be constructed from structural templates that have >30% identity to the sequence of interest. In this initial phase of structural genomics projects, a major emphasis has been placed on throughput, and most structures have arisen from prokaryotic and lower eukaryotic genomes for two major reasons. First, for bacterial and yeast genes, the cloning strategies can be easily executed by each of the centers. Second, the gene products from lower organisms are to a greater degree comprised of small, soluble domains that are easily expressed and purified from bacterial systems. As progress continues, and reliable models for a large fraction of sequence space accessed through structural solution for lower organisms appear, pressure to apply high-throughput methods to gene products from higher organisms will increase. Clearly, comprehensive cloning strategies for higher organisms are more complicated. Thus, the availability of cloning vectors for orthologs from a variety of organisms will remove an important limiting factor in the progress of the overall PSI. Thus, ORF projects such as those outlined in this issue will become increasingly important to structural genomics.
The major benefit from structural genomics efforts is the provision of structural models for biologists to understand gene function. In addition, the wealth of structural information will be used to address issues of protein folding, protein structure prediction, and protein evolution. In terms of biomedical impact, the structural data will facilitate design of therapeutic agents by comparing functionally similar protein structures of pathogens and hosts, or proteins in diseased and normal tissues. The structural genomics efforts have facilitated technical developments in structure determination and the establishment of high-throughput facilities for the use of a wide community of scientists. Also, the structural genomics projects are providing reagents and materials for spin-off projects that examine function in vivo and in vitro. Lastly, retrospective analyses using the unprecedented volume of high-throughput experiments are helping to establish methods to predict experimental outcomes for protein production and crystallization. In this report, we outline the progress of the New York Structural Genomics Consortium (NYSGXRC, www.nysgxrc.org) in implementing and developing its structural genomics pipeline. We emphasize the coordination of bioinformatics efforts with the experimental methods of the consortium, including the development of an integrated consortium database to manage the workflow, the overall progress from cloning to modeling, the impact of the modeling of NYSGXRC structures, and novel experimental and bioinformatics approaches to examining the structure of metalloproteins, termed metallomics (Hasnain 2004; Szpunar 2004) .
RESULTS AND DISCUSSION

Design and Use of an Online Experimental Database
One of the key features in the successful internal functioning of the NYSGXRC (and any large multi-task project) has been the development of a database for effective communication among the participants. The Integrated Consortium Experimental Database (IceDB) has been set up to facilitate data management among the various research groups in the NYSGXRC. IceDB fulfills several roles; it serves as a Laboratory Information Management System (LIMS) for exchanging, querying, displaying, and archiving experimental and bioinformatics data; it is used as an automated and versatile bioinformatics tool for bioinformatics screening and analysis; and finally, it is an interface and data exchange platform for users, other centers, and external resources. The system technically is a MySQL relational database that is organically interconnected with a series of locally implemented bioinformatics programs and external databases. The relational database can be accessed through a Web interface at www.nysgxrc.org. It is coded in HTML and Perl CGI languages.
IceDB is composed of two main parts, Target List and Progress Report. Target List contains the potential targets and their annotations in order to aid target selection. Several bioinformatics programs have been implemented for screening, such as calculating peptide statistics, predicting secondary structure, membrane immersed, and disordered regions from the sequences. Progress Report collects and displays the experimental data, and tracks the progress for all the selected targets. The collected experimental data include fields such as cloning, expression, biophysical characterization, crystallization, X_Ray data collection, X_Ray refinement, X_Ray structure, and PDB deposition. Users can insert comments and actual data (graphs, images) as appropriate for each class of field. IceDB automatically generates weekly progress statistics and XML-formatted progress reports for TargetDB, the centralized database of the PSI. IceDB also compares regularly and systematically all the active targets in the internal pipeline with the ones in TargetDB, and identifies potential overlapping cases, the extent of their sequential overlap and similarity, and the stages of experimental progress toward these structures.
IceDB interfaces with three major external resources and several public databases. This cross-linking is essential to consortium communication, as specific tasks in the structural genomics pipeline are distributed among various independent laboratories. For example, ORF target-selection bioinformatics tasks are primarily carried out at UCSF in the Sali laboratory. A list of curated ORF targets is then transmitted to the large-scale cloning and protein production facilities at Structural Genomix (SGX) in San Diego, where the overall Consortium's effort is directed by Stephen Burley. IceDB regularly exchanges data with the LIMS of SGX. Thus, data generated at SGX on cloning, expression, solubility, and purification of protein targets is automatically uploaded. Purified ORF targets are shipped from SGX to the four crystallographic laboratories in New York for automated crystallization, and these labs use IceDB to track progress in generating crystals and assessing diffraction quality upon preliminary synchrotron data collection. In this way, the crystallography laboratories receive necessary information on the targets from SGX, and SGX can determine which ORF targets are showing progress through the pipeline.
To keep track of structure solution activity at the National Synchrotron Light Source, IceDB automatically communicates with the Automated Structure Determination Platform (ASDP). ASDP is used for high-throughput X-ray structure determination subsequent to data collection . As the crystallography laboratories complete refinements and deposit their structures in the PDB, they periodically update IceDB. Finally, IceDB is connected to the external resource MODBASE, a comprehensive database of comparative protein-structure models, where the computational model building takes place using the newly solved ORF target structures (Eswar et al. 2003; Pieper et al. 2004) . Beside these major platform hubs, which are directly re-sponsible for facilitating major steps in the experimental pipeline, sequence and structure-based functional annotations are implemented for analysis. Target proteins in IceDB are also linked to their entries in SWISS-PROT, GenBank, and Pfam databases.
Output of NYSGXRC Pipeline to Date and Worldwide Progress in Structural Genomics
The current progress report of the NYSGXRC as of May 2004 is shown in Table 1 and can be seen on the first page of the Web site. IceDB currently contains information about 40,000 potential ORF targets, of which 1869 are active along various stages in the experimental pipeline. To date, 1077 ORF targets have been cloned, and expression is observed for 787 of the targets. From these expressing vectors, 493 proteins have been purified and initial crystallization screens have been attempted for each. A total of 235 of the purified proteins (or 48%) have produced some form of crystal with 141, or 29%, producing diffraction quality crystals. Of these diffraction quality crystals, 95 (or 19%) have been solved to date, and 81 have been deposited to the PDB as of May 11, 2004.
Among the first 65 NYSGXRC target structures solved, 53 have been classified by SCOP (Murzin et al. 1995; Andreeva et al. 2004) . Of the total, 13 have segregated ␣ and ␤ structure, 23 have alternating ␣ and ␤, 11 are all-␤, and six are all-␣ protein classes. At the fold level, the 53 structures are distributed among 36 fold types. The solved targets were also compared with already known structures using the DALI program (Holm and Sander 1995, 1996) . A new fold was assumed if DALI reported a Z-score of <10 for the best hit. Using this cutoff value, 15 of the 65 targets (or 23%) were new folds at the time of submission. This fraction of new folds is several times higher than is generally seen for recently submitted PDB structures. (In the last 5 yr, 3%-5% of all submitted structures were classified as new folds according to SCOP). Of the 25 functionally uncharacterized proteins among the targets, seven are not classified at all in SCOP, whereas the remaining 18 are distributed among four different SCOP classes and 16 fold types.
On the basis of our current protein production rates, we now have sufficient statistics to reliably estimate the NYSGXRC output in the immediate future. The above statistics argue that ∼20% of the soluble proteins delivered to the four crystallography laboratories in New York are producing crystal structures. There is, of course, a delay between the delivery of proteins and structure solution, thus, the current figure of 19% is likely to be adjusted upward as progress on targets in the pipeline continues to accrue. Nevertheless, in the fourth year of the Consortium's operation, SGX has delivered 192 soluble targets as of March 2004 and will deliver 350 additional targets by September 2004, the end of the fourth year. On the basis of our progress to date, we expect that >100 new structures will be solved from these ORF targets. SGX plans to supply the crystallography laboratories with ∼50 soluble targets per month throughout the fifth year of the project; 120 structures are ultimately expected to be produced from these targets. On the basis of this productivity level, the NYSGXRC is poised to achieve its initial goal of producing at least 100 structures in its fifth year of operation.
The production statistics for the 15 structural genomics centers located around the world as of May 2004 include 28,293 proteins cloned with expression observed in 16,468 of the vector targets (or 58%). A total of 6177 targets have been seen to produce soluble protein, from which 5924 proteins have been purified. Thus, the overall experience is that purified protein has been obtained from 36% of the vectors for which expression has been observed. A total of 2162 of the purified proteins formed crystalline material, and 1034 (17% of the purified target set) resulted in diffraction quality crystals, whereas 715 structures have been deposited to the PDB. These outcomes are expected to improve, as some of the proteins are still at some intermediate stage in the various pipelines. Compared with the goal of producing 10,000-15,000 new structures to provide completeness in structural genomics (Vitkup et al. 2001) , this is merely a down payment, but represents promising initial progress. If we can rely on the above metrics that suggest 20% of purified proteins will produce diffraction quality crystals, then 50,000-75,000 proteins will need to be purified in order to achieve an overall goal exceeding 10,000 structures. However, the calculation that onethird of the expressing vectors may provide easily purifiable protein may not hold for multidomain proteins from higher organisms (Burley et al. 1999; Chance et al. 2002) , at least not without methodological improvements in expression systems. However, it sets a likely lower limit of 200,000 expression vectors that will need to be constructed to complete the overall project.
Modeling NYSGXRC Sequences: How Structural Models Are Informing New Biology
Recent developments in the techniques of structure determination at atomic resolution, X-ray diffraction, and nuclear magnetic resonance spectroscopy, have enhanced the quality and speed of structural studies (Zhang and Kim 2003) . Nevertheless, current statistics still show that the known protein sequences (∼1,500,000; Boeckmann et al. 2003 ) vastly outnumber the available protein structures (∼25,000; Westbrook et al. 2002) . Fortunately, domains in protein sequences are gradually evolving entities that can be clustered into a relatively small number of families with similar sequences and structures (i.e., folds; Vitkup et al. 2001 ). These evolutionary relationships enable the use of computational methods, such as threading and comparative protein structure modeling (Fiser et al. 2001) , to predict the structures of protein sequences on the basis of their similarity to known protein structures. The NYSGXRC is combining experimental structure determination methods with computational modeling techniques. This effort, combined with that of other structural genomics centers worldwide, aims to determine a sufficient number of appropriately selected structures, so that most ORF sequences can be placed within modeling distance of at least one known structure (Sali 1998; Sanchez and Sali 1998; Baker and Sali 2001; Vitkup et al. 2001) .
A suite of bioinformatics programs and databases is at the foundation of the NYSGXRC's computational efforts. MODBASE (http://salilab.org/modbase) is a comprehensive database of annotated comparative protein structure models (Pieper et al. (Sali 1995) for its functionality, and is streamlined for large-scale operations on a cluster of PCs. The modeling process comprises the following steps: fold assignment, sequence-structure alignment, model building, and model assessment. MODBASE is updated regularly to reflect the growth in sequence and structure databases, as well as improvements in the software for calculating the models. MODBASE is organized into several model data sets. The largest contains models for domains in 659,495 sequences of 1,182,126 unique protein sequences in the complete SWISS-PROT/TrEMBL (Boeckmann et al. 2003) database (August 25, 2003) . These models correspond to all known protein sequences in SWISS-PROT/TrEMBL that can be matched to at least one known protein structure. The second largest group of model data sets includes MODPIPE models for the SWISS-PROT/TrEMBL sequences that were modeled on the basis of the NYSGXRC structures. We run MODPIPE using all NYSGXRC structures as templates to contribute to their annotation. When a new consortium structure is deposited in the PDB, a MODPIPE run using this new structure as a template is automatically triggered, and models for all sequences in SWISS-PROT/TrEMBL that are related to this structure are calculated. These calculations are repeated periodically for all template structures. All protein sequences in SWISS-PROT/TrEMBL that are related to the NYSGXRC structures can be viewed in MODBASE.
Relying on the first 63 unique NYSGXRC solved structures, MODPIPE produced models for domains in 33,340 sequences in SWISS-PROT/TrEMBL (Table 2 ). The modeled sequences come from 2676 different organisms, with a kingdom distribution of 41% Prokaryota, 2% Archaea, and 57% Eukaryota. This organism classification has been derived from the NCBI taxonomy database, where all protein sequences are matched with a taxonomy id (Wheeler et al. 2000; Benson et al. 2002) . The average ORF target-template sequence identity was 18.6%. Only 10% of the sequences are modeled on the basis of >30% sequence identity over more than 75 residues; 81% of the sequences have models that are predicted to have the correct fold on the basis of the model score (John and Sali 2003) or the PSI-BLAST E-value (Schaffer et al. 2001) . Using these data sets, all amino acid sequences in SWISS-PROT/TrEMBL that are related to the NYSGXRC structures can be viewed in MODBASE, which easily facilitates the detection of remote relationships and the annotation of function to proteins previously annotated as hypothetical proteins.
Considering that the target sequences for NYSGXRC were selected to have <30% sequence identity to a known experimental structure, most of the modeled ORF sequences have been characterized structurally for the first time. Thus, these data sets indicate the increased coverage of the sequence-structure space by the NYSGXRC structures. In fact, the experience so far for the U.S. centers is that 70% of their PDB deposits in 2002-2003 are for proteins containing unique sequences, (i.e, sequences with <30% sequence identity to the closest known structure) compared with only 10% of the deposits overall during the same time period (Editorial 2004) . The large number of new models that can be calculated on the basis of the newly determined structures illustrates and justifies the premise of structural genomics.
The most interesting cases for functional analysis would be proteins for which sequence-based methods failed to establish a meaningful connection to a protein of known function or structure. On the basis of our current experience, every third target solved in the NYSGXRC pipeline remains functionally uncharacterized. These proteins are ripe for experimental investigation using biochemical or genetic approaches. Although funds are available from the NIH for the study of functionally characterized structures solved by the PSI centers, no mechanism exists to systematically study the uncharacterized proteins (Editorial 2004) .
Another way to glean functional insight for unannotated protein structures is through the comparative modeling pipeline. Structure-based search and confirmation of protein relationship is usually more reliable and sensitive than sequence-only based approaches. Such structural (and potentially functional) assignments are called "nontrivial hits" (summarized in Table 2 in the M column), and are usually based on very low (<20%) sequence identity between aligned regions of the target and template sequences. An example is the model of a protein sequence annotated in the TrEMBL database (Boeckmann et al. 2003) as "Hypothetical protein SCP1.152" (Bentley et al. 2002 ; TrEMBL accession no. Q9ACZ9, organism: Streptomyces coelicolor) that was modeled using the PDB structure 1rvk (NYSGXRC target T1522). The sequence identity between 1rvk and Q9ACZ9 is 19%, the PSI-BLAST E-value is 0.1, and the model score 0.71. The model covers 91 of 104 amino acid residues. 1rvk has been annotated as isomerase/lactonizing enzyme. The modeling results suggest that Q9ACZ9 has a similar function. This specific example illustrates that structure modeling can identify functional similarities between ORF sequences that lack any detectible sequence similarity.
High-Throughput Annotation of Metal-Binding Targets
An interesting conclusion from the production statistics above is that if ∼20% of the soluble ORF targets are ultimately amenable to structural analysis, ∼80% of the proteins are not, and represent ORF targets that are likely to be abandoned. However, these proteins present a potentially valuable resource for spectroscopic and biochemical analysis to better understand structure and function. In general, the consortium has pursued a limited number of approaches to provide characterization of target proteins. This has included light scattering and limited proteolysis mass spectrometry (Burley et al. 1999; Shi et al. 2003) . The former is to determine whether the protein preparations are mono-disperse, as such a preparation is much more amenable to crystallization. The latter is to determine whether the purified ORF target represents a compact globular domain, which also crystallizes much more efficiently. This information is used to inform proteinpurification strategies in the case of poly-disperse samples, and is used to direct recloning efforts in the case of exposed protease sensitive sites. However, these analyses do not give major insights into structure and function. To provide additional annotation to ORF targets, we have implemented an automated system to analyze all purified ORF targets for transition metal content. This effort has multiple purposes. First, identification of metal binding can be used to make the protein purification and protein-crystallization strategies more efficient by supplementing the buffers with the metal in question. Second, identification of metal binding can be used to aid in annotation of protein function, especially for so-called "hypothetical" proteins. Third, for proteins that crystallize, the intrinsic transition metal can, in favorable cases, be used for anomalous scattering phasing of the structure (Hendrickson 1991; Rajashankar et al. 2001 ).
Up to one-third of proteins contain metal atoms (Hasnain 2004; Szpunar 2004) with iron and zinc being the most common among the transition metals (Lujan et al. 1995) . Protein samples illuminated with high-energy synchrotron X-rays eject a 1s electron from the first electron shell surrounding a metal nucleus (Fig. 1) . Passage of another electron from a higher shell to fill the hole in the first shell yields an emitted X-ray photon (fluores- cence emission) with energy characteristic for the individual elements Summers et al. 1992; Lujan et al. 1995) . We have developed an automated system to scan and detect transition metal content of protein target samples in 16well plates with a multiplate rail and precise and automated alignment of the samples in a synchrotron X-ray beam. Detection of fluorescent emitted photons is accomplished with a multi-element, fast count rate, high-resolution Germanium detector (Summers et al. 1992; Lujan et al. 1995) . Although all elements in the sample will emit fluorescence given sufficiently high energy X-rays incident on the sample, practical considerations of sample thickness and air absorption limit the analysis, in this case, to the following transition elements: Mn, Fe, Co, Cu, Ni, and Zn; however, data collection times are only a few minutes per sample for nanogram detection efficiencies. We analyzed 143 proteins from prokaryotic sources recently delivered by SGX to the crystallography laboratories for crystallization testing. For each protein, 200 µg of sample were loaded onto the sample plates and dried under controlled conditions. The results in terms of corrected counts for T834, which was annotated as a hypothetical protein (Table 3) , are shown in Figure 1 . The sample showed significant nickel fluorescence counts, but minimal amounts of the other metals were detected. Of the 143 samples examined, >20 indicated some transition metal content (data not shown). To limit the analysis to likely cases of structural or functional metal atoms, the metal-to-protein stoichiometry was determined by comparison of the corrected counts with an appropriately chosen set of standards for each metal at the same experimental conditions; thus, the number of moles of each metal was accurately measured. The results for the 16 proteins that showed a metal/protein ratio of 0.7 or greater are shown in Table 3 ; the error in this analysis is ‫,2.0ע‬ such that we report data only for metal binding that is likely to be stoichiometric, and therefore relevant. Of these, two proteins contain two or more metal atoms per protein molecule, and 14 proteins contain one or more metal per molecule (metal/protein ratios 0.7-1.6), including T834. Zinc was observed in eight cases, copper and nickel in three each, and iron and manganese once.
In the following section, we examine the known annotations for these 16 proteins. Our analysis is likely to emphasize false negatives, as some metalloproteins may lose a metal atom in the purification step. We have already excluded one false positive, where a stoichiometry of 0.5 Zn/protein was observed for T1429 (data not shown, AC:Q57549). This target was solved by the NYSGXRC (1q98). An anomalous difference Fourier analysis showed no evidence of a metal atom signature. However, this protein does have exposed Cys residues that may be able to coordinate adventitious Zn during the purification. This is one factor leading to the choice of a cutoff of 0.7 metal/protein for the annotation of metalloprotein identity.
Functional Annotation of Metal-Binding Proteins
The 16 NYSGXRC target protein sequences that are strongly indicated to be metalloproteins were retrieved from IceDB, and bioinformatics analysis was carried out to analyze the consistency of the metal binding with known annotations. Table 3 shows the target IDs, the SWISS-PROT or GenBank identifier, the annotation as provided by IceDB, additional annotations from relevant databases, and the organism from which the target is derived (Boeckmann et al. 2003) . A BLAST search was carried out against SWISS-PROT to identify closely related homologs. For T834 (0.8 Ni/protein), the BLAST search revealed a related hypothetical protein and similarity to members of the Atz/Trz family. Clusters of Orthologous Groups (COG) was examined; these results are shown in Table 3 . For T834, this search indicated a close relationship with cytosine deaminases and related metaldependent hydrolyases. The crystal structure of this protein was solved within the NYSGXRC (1p1m) and a single Ni ion was confirmed as part of the structure (PDB data in Table 3 ). Thus, in this case, the metal analysis was supported by bioinformatics comparisons and direct structure determination.
For T763, a zinc/protein stoichiometry of 1.3 was measured; the protein was annotated as a putative amidohydrolyase. The BLAST search indicated a close relationship with a zinccontaining carboxypeptidase and an overall similarity with the M40 peptidase family. The COG analysis indicated that the target belongs to a metal-dependent amidase family. A search against PDB found no significant homologies. The annotation of this protein as a metalloprotein is very strongly confirmed by the bioinformatics analysis, although the crystal structure of this protein remains unsolved.
T830 is annotated as a hypothetical protein with similarity to an ADP-ribose pyrophosphatase, which is indicated to have a magnesium cofactor. The COG database also indicates that this target belongs to the same enzyme family. No similarity to any structure in the PDB was found. The annotation of T830 as a manganese-containing enzyme is reasonable, as active sites that bind magnesium generally can be exchanged for manganese. Thus, the metal analysis provides evidence that this target is a metal-dependent hydrolyase.
For T1407, T797, T1403, and T1404, the identification as metalloproteins is well supported by bioinformatics, which, in each case, provides a functional annotation (in terms of enzyme activity) consistent with metal binding by the target. T1407 (binding Ni) is annotated in the alcohol dehydrogenase family (the presence in this target of a metal-binding motif was also seen in PROSITE). A related structure in the PDB is seen to contain Fe. Zinc-containing T797 is a DNA-glycosylase closely related to PDB entry 1nku, which also contains zinc. T1404, the MazG protein and the related T1403 are indicated to have pyrophosphatase motifs consistent with zinc binding.
In several cases, the metal binding provides a new annotation for protein of unknown or not-well-understood functions. T790, indicated to contain copper, was annotated a hypothetical protein and COG indicated an uncharacterized enzyme. A related structure in the PDB is seen to contain Zn. T1405 also is listed as a hypothetical protein predicted to be related to glutamine amidotransferases; the metalloprotein annotation may assist in bet-
Figure 1
The corrected fluorescence counts for each metal atom are shown in histogram format (i.e., sample well counts minus counts from a blank well). The corrected counts for nickel are very far above background. The inset shows electron orbitals in schematic form with incident X-ray, the transition from higher to lower energy orbitals, and emission of X-ray fluorescence illustrated. The incident X-ray (E o ) knocks out a 1s electron, the unstable core hole is filled by the subsequent transition (seen in color), and a fluorescent X-ray of energy characteristic for the metal atom is emitted (E f ).
ter understanding its function. In other cases, the proteins have good annotations, but no indication of metal binding, and the metal content may suggest important structural or functional information. For example, T773 is annotated as a monooxygenase and the zinc ion may be related to the protein's catalytic function, or may serve as a structural metal. T788 has over 4 Zn/protein indicated; it is unclear as to how this may be related to its annotated enzyme function. However, T824, which has over 2 Cu/protein and is annotated as type-I restriction enzyme, may have metal functions directly related to the DNA cleavage mechanism of this protein. In the case of T818, the indicated zinc atom may represent a false positive, in that the structure of a 
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Overall, the metallomics analysis found many metalloproteins among the 143 proteins examined so far. On the basis of the observed annotations, the metal content was, in most cases, very reasonable, and in other cases, potentially informative with respect to protein function. Using the cutoff of measured metal/ protein stoichiometry of 0.7, the rate of false positives may be in the range of from 5% to 10%. The range of false negatives cannot be estimated yet without more data. Over the next 18 mo, we expect to screen over 900 additional proteins provided by SGX, such that we can better refine these numbers.
Conclusion: Opportunities and Limitations of the Protein Structure Initiative and the Next Challenge for Structural Biology
The NYSGXRC has assembled a robust pipeline for structural genomics research that is part of an international initiative to provide structural models for all possible ORF sequences. On the basis of current structural information in the PDB, domains in ∼57% of the known protein sequences can be modeled using MODPIPE and are available in MODBASE (Sanchez and Sali 1998; Sanchez et al. 2000; Pieper et al. 2002 Pieper et al. , 2004 . As the PSI expands into its second phase in 2005, the expansion of this sequence coverage will rapidly increase, providing a valuable resource for biologists worldwide.
Although this sequence coverage and the number of modeled proteins may look impressive, usually only one domain within the ORF sequence of each protein is modeled. On average, proteins have two or three domains. That is, an average yeast ORFs codes for 472 amino acid residues, whereas the average size of domains in CATH (Orengo et al. 1997 ), a database of structural domains, is 175. The average model size in MODBASE is 192 residues, very similar to this domain size (Pieper et al. 2004 ). This limitation on comparative modeling is a direct consequence of the available structural templates. An additional problem is that membrane protein structures are poorly represented in PDB, whereas 15%-30% of proteins in various genomes are predicted to contain transmembrane helices (Liu and Rost 2001) . It is also suggested that up to 20% of proteins contain unstructured regions, at least in the absence of their binding partners (Tompa 2002) , which often makes them unsuitable for structure determination experiments. These limitations are not likely to be overcome, even on completion of the PSI. The experience of the NYSGXRC is that the average size of the proteins solved to date is ∼250 residues (www.nysgxrc.org/nysgxrc/result.html), slightly larger than the average domain size seen in CATH, but much smaller than the average protein size in yeast. In addition, we have few examples of transmembrane segments and unstructured regions in our solved structures; such domains are often excluded during target selection. However, ∼40% of the solved targets to date are eukaryotic in origin. Thus, the expectation is that domains from a wide variety of targets may be solved in the PSI-2.
The next challenge involves understanding the domain interactions and the assembly of proteins into complexes, Figure 2 (Gavin et al. 2002; Sali et al. 2003) . Whereas structural genomics aims to provide atomic resolution models for the domains that make up the proteins and complexes that are functionally relevant to cell biology, it does not explicitly address how these structures interact with each other. The interacting surfaces of the domains dock in functionally relevant ways that are amenable to experimental tools such as cryo-EM, cross-linking, footprinting, and genetic analysis Guan et al. 2004; Tong et al. 2004) . A next phase of structural genomics efforts will be a gradual transition to structural proteomics, when the experimental information on organization of protein complexes and domain interactions, combined with computational modeling, will be used to understand the structure and dynamics of macromolecular assemblies. Structural genomics efforts are imperative prerequisites to these future efforts.
METHODS
Metallomics Analysis
We irradiated samples with synchrotron X-rays produced by the NSLS X-ray ring (the ring operates at the constant energy of 2.8 GeV and current decaying with time from 280 to ∼200 mA). The beamline configuration is similar to that used for focused beam X-ray absorption spectroscopy measurements (Chance et al. 1996) , with the monochromator set to 10 keV, and harmonic rejection using a Ni-coated mirror. The setup consists of a multiplate rail positioned at 45°with respect to the beam that brings a sample plate in a position close to the synchrotron X-ray source, an x-z stage and two ionization chambers placed before and after the sample plate for precise alignment of a sample in the plate to the beam, and a multi-element, fast count rate, highresolution Germanium detector placed perpendicular to the beam path, that captures the X-ray fluorescence. The detector has 13 separate elements, whose counts can be summed for signal averaging. Sufficient electronics exists, such that three metals can be analyzed using single channel analysis at a time (Lujan et al. 1995) . We focus on collecting signals from the following transi-
Figure 2
Protein domains will be solved by structural genomics, the docking of domains in protein structures or the structures of assemblies will be a challenging next step for structural biology to be solved by a combination of structure modeling of domains combined with experimental data from techniques such as cryo-EM, cross-linking, footprinting, and genetic knockout analysis. tion elements: Mn, Fe, Co, Cu, Ni, and Zn, such that two runs are required to collect all of the required data.
A total of 16 sample wells were bored in a Teflon plate, and three plates can be simultaneously loaded onto a multiplate rail. The synchrotron beam is shaped by slits to match the size of the sample well (2.5 ‫ן‬ 6.5 mm). After loading samples in sample wells and drying them in a controlled manner, the plates are placed into the rail. The first run consists of selecting the characteristic energies for three metals using the detector software and starting an automated program that positions sample wells in front of the beam and collects the data. A total of 60, 1-seclong counting intervals are summed. The second run screens the same set of 48 samples for another three metals. The total time to complete both runs is about 4 h, or about 4 min/sample.
The validity of the metal determinations was evaluated as follows. We have previously published methods of quantitation for metal atoms in biological samples using X-ray absorption spectroscopy Lujan et al. 1995) . For this experimental setup, the metal-to-protein stoichiometry was derived from standards measured before the sample data collection. Standard sets, prepared with water-soluble chlorides or nitrates of transition metals in the weight range from 0.4 to 5 µg show linear dependence of metal mass with measured fluorescence counts. Subsets of samples spiked with defined amounts of cytochrome-c were also measured to confirm the validity of the above standards on real protein samples. However, these experiments only define the measurement error and detection limit for the analysis. The decision to use a specific cutoff (0.7 metal/protein used here) for assigning a valid metalloprotein is entirely arbitrary. Setting the criteria high increases the false negatives, setting it lower (e.g., <0.5) increases the false positives. As we analyze more samples, we will get a better idea of the expected percent of each kind of error associated with a specific cutoff value.
Target sequences were retrieved from IceDB in the NYS-GXRC Web site (www.nysgxrc.org/nysgxrc-cgi/search_progress_ report.cgi), and were analyzed by PSI-BLAST searches against SWISS-PROT (Altschul et al. 1997; Boeckmann et al. 2003) , Cluster of Orthologous Groups (COG; www-archbac.u-psud.fr/ genomics/COG_Guess.html), and the Protein Data Bank (Berman et al. 2000) . The protein having the lowest E-value (if a candidate was found at <10 ‫4מ‬ ) is selected, and the annotations are included in Table 3. 
